The electrophysiological
properties of the sensory neurons that mediate withdrawal reflexes in Aplysia are modulated by a number of second messengers. For example, the second messengers adenosine 3',5 '-cyclic monophosphate ( CAMP) and arachidonic acid modulate the S-K+ current (1k s) and the calcium-activated K+ current (1k,c, ) . Recent evidence suggests that protein kinase C (PKC) may also be an important regulator of cellular plasticity. In the present study we examined the possibility that I k,ca was modulated by the activation of PKC in the pleural sensory neurons.
2. In voltage-clamped sensory neurons the application of phorbol esters, such as phorbol dibutyrate (PDBu), phorbol myristate (PMA), and phorbol diacetate (PDAc), which activate PKC, caused a dose-dependent increase in a voltage-dependent current with properties that resembled lk,ca. The inactive isomer of phorbol ester, 4cu-phorbol, was without effect.
3. This phorbol ester-sensitive current had the kinetics and pharmacological sensitivity of 1K,Ca. The current developed slowly during step depolarizations, showed little inactivation, and was activated at membrane potentials greater than -0 mV. In addition, the current modulated by phorbol esters was blocked by a concentration of tetraethylammonium (TEA) that blocks a component of JK,Ca in the sensory neurons.
4. hcca, which was activated directly by the iontophoretic injection of Ca'+, was also enhanced by PDBu. Moreover, the enhancement of Ca2+ -elicited responses by PDBu persisted after Ca2+ influx was blocked by cobalt. These results indicate that at least one component of the modulation of JKCa by PDBu was independent of the modulation of voltage-dependent Ca2+ channels.
5. The protein kinase inhibitor H 7, at concentrations that inhibit PKC in Aplysicl neurons, blocked the modulation of IK,ca by phorbol esters. These data suggest that the effects of PDBu are mediated by the activation of PKC and are dependent on protein phosphorylation.
6. These results raise the interesting possibility that the activation of PKC by modulatory transmitters may affect the electrophysiological properties of the pleural sensory neurons via modulation of 1k,Ca.
INTRODUCTION
Membrane currents in the sensory neurons ofAplysia are modulated by a variety of neurotransmitters and second messengers. For example, increases in the level of adenosine 3 ', 5 '-cyclic monophosphate ( CAMP) produced by serotonin (5HT) activate a CAMP-dependent protein kinase (PKA) and lead to the suppression of the S-K+ current (1k s) (Baxter and Byrne 1989; Belardetti and Siegelbaum 1988; Camardo et al. 1983 ; Klein and Kandel 1980; Klein et al. 1982 Klein et al. , 1986 Ocorr and Byrne 1985; Pollock et al. 1985; Shuster et al. 1985; Siegelbaum et al. 1982; Volterra and Siegelbaum 198 8 ) . 5-HT also increases an L-type ( dihydropyridine-sensitive) calcium current (1& (Edmonds et al. 1990) , decreases a component of the Ca2+-activated K+ current (1k Ca ) (Walsh and Byrne 1989 ) , and modulates the voltage-dependent, delayed K+ current (1k v) in the sensory neurons (Baxter and Byrne 1989 , 1990ai White et al. 1992 . Arachidonic acid, a second messenger produced by the peptide FMRFamide (Piomelli et al. 1987) ) also modulates 1k s, 1k Ca, and 1k v in the sensory neurons (Belardetti and Siegelbaum 1988; 'Critz et al. 199 1; Ichinose and Byrne 199 1; Sweatt et al. 1989; Volterra and Siegelbaum 1988) . Although much is known about the modulatory effects of CAMP and arachidonic acid in the sensory neurons, little is known about the modulatory effects of another regulator of neuronal function, protein kinase C (PKC). A possible role is suggested by recent experiments, however. First, 5-HT produces translocation of PKC from the cytosol to the membrane in the sensory neurons (Kruger et al. 199 1; Sacktor and Schwartz 1990; Sossin and Schwartz 1992) . Second, the activation of PKC induces mobilization of transmitter (Braha et al. 1990 ). Third, the activation of PKC induces spike broadening (Sugita et al. 199 1, 1992b) . Fourth, the activation of PKC modulates calcium current (&) ( Braha et al. 1988 ) and appears to modulate 1k v ( Sugita et al. 1992a) . Given the diverse effects that second messengers have on the modulation of membrane currents, we examined whether other currents were modulated by PKC.
The most obvious effect of phorbol esters that we observed was an increase in a voltage-dependent outward current with properties that resembled Ik Ca. Lesser effects on perhaps two other membrane currents were also observed. The mechanism for the modulation of 1k Ca by PKC may involve phosphorylation because the effects of phorbols were blocked in the presence of the protein kinase inhibitor H 7. A preliminary report of some of these results has appeared in abstract form (Critz and Byrne 1990) .
METHODS
Aplysia caZz!mica ( 100-300 g) obtained from commercial suppliers (Alacrity Marine Biological Services, Redondo Beach, CA; Marine Specimens, Pacific Palisades, CA) were anesthetized by the injection of a volume of isotonic MgCl,, which was equivalent to 50% of the animals' body volume. Either the right or left pleural-pedal ganglion was removed and desheathed in artificial seawater (ASW, Instant Ocean, Aquarium Systems, Mentor, OH), which was supplemented with 20 mM tris( hydroxymethyl)-aminomethane (Tris) at pH 7.6. The ventrocaudal cluster of sen-0022-3077192 $2.00 Copyright 0 1992 The American Physiological Society 1079 sory neurons was removed surgically from the pleural ganglion, pinned to the floor of a 200-PL chamber, and maintained at 15°C by the use of methods described previously (Baxter and Byrne 1989; Critz et al. 1991 ).
Voltage-clamp protocol
Conventional two-electrode voltage-clamp techniques were used to examine the membrane currents that were modulated by phorbol esters. These compounds, which included phorbol dibutyrate ( PDBu) , phorbol myristate (PMA) , phorbol diacetate ( PDAc), and inactive Lta-phorbol isomer (all from Sigma), were dissolved in dimethylsulfoxide (DMSO). Stock concentrations of either 10 ( PDBu, or 2 mM (PMA, PDAc) were prepared and stored at -20°C until use. Sensory neurons were bathed in ASW containing 150 PM tetrodotoxin to block voltage-dependent Na+ currents, then impaled with two electrodes that contained 3 M potassium acetate and had resistances ranging between 4 and 6 MQ. Cells included in this analysis had resting potentials greater than -35 mV and input resistances > 15 MQ. These cells were voltage clamped at the resting membrane potential for 45 s and then hyperpolarized to -50 mV for 14 s. From this prepulse potential, 200-ms voltage-clamp pulses to either -20, -10, 0, + 10, or +20 mV were delivered. After the 200-ms voltage-clamp pulse, the membrane potential was held at -40 mV for 960 ms before returning to the resting membrane potential. The current responses to the 200-ms voltage-clamp pulses were digitized (500 samples at 1.67 kHz, 12-bit resolution) and stored for analysis. This procedure was repeated with the use of a I-min interpulse interval until three stable current responses at each voltage-clamp potential were obtained. The stock phorbol ester was then diluted to an appropriate concentration in ASW, and a small volume ( l-4 pL) was added to the bath to obtain a final phorbol ester concentration of either 10, 50,200, 500, 1,500, or 5,000 nM. The highest concentration of DMSO used was 0.05%, which alone had no effect on membrane currents (data not shown) (see also Fig. 7 of Baxter and Byrne 1990b). Membrane current responses were collected continuously in the same sequence as during the collection of the control responses until at least two stable current traces following the application of phorbol ester were recorded. The rapidity of the effects of the phorbol esters were dependent on the concentration of drug applied. In general, the effects began to develop after -5 min and required -12 min to reach stable levels.
In some experiments that examined whether phorbol esters modulated IK,Ca, the ASW contained a relatively low concentration (2.0 mM) of the K+ channel blocker tetraethylammonium chloride ( TEA; Eastman Kodak, Rochester, NY), which was previously shown to block IK,Ca in the sensory neurons (Baxter and Byrne 1989; Critz et al. 199 1) . In other experiments the protein kinase inhibitor H 7 [ l-( 5-isoquinolinesulfonyl) -2-methylpiperazine hydrochloride;
Research Biochemicals, Natick, MA] was used to examine whether the effects of PDBu were dependent on phosphorylation.
Most of these experiments used final concentrations of H 7 of either 100 or 400 PM. These were prepared by adding 2 or 8 FL, respectively, of a IO-mM solution of H 7 (in distilled H,O and stored at -4°C) to the bath 30 min before the addition of the phorbol ester. Several experiments used a final concentration of 1 PM H 7, which was prepared by diluting the IO-mM H 7 stock solution loo-fold in ASW and adding 8 PL to the bath 30 min before the phorbol ester. In all voltage-clamp experiments, membrane current responses were accepted only if step changes in voltage-clamp potential were completed within 3 ms and no voltage sag was detected. No compensation for series resistance was used because previous calculations indicated that the series resistance had little effect on this voltage-clamp protocol (Baxter and Byrne 1989).
Difference currents were obtained to reveal the modulatory effects of phorbol esters. These difference currents were generated by computer averaging the three stable current traces at each potential before drug treatment. Similarly, the stable responses after drug treatment were averaged and then subtracted from the average of the respective control response. This resulted in a family of difference currents, one at each potential, reflecting the modulated membrane current. These difference currents were stored for later analysis and display.
Iontophoresis protocol I K,Ca was activated directly by the iontophoretic injection of Ca2+ with the use of procedures described previously (Brezina et al. 1987; Gorman and Hermann 1979; Hermann and Erxleben 1987; Meech and Standen 1975; Walsh and Byrne 1989) . Briefly, sensory neurons were impaled with both a single-barrel electrode and a double-barreled electrode. The single-barrel electrode, used to record the membrane potential, and one barrel of the double electrode, used for current injection, contained 3 M potassium acetate. The remaining electrode contained 500 mM CaCl, for the iontophoretic injection (300 to 1 ,OOO-nA current, IO-ms pulses, 50 Hz for l-2 s) of Ca2+. Sensory neurons were voltage clamped at a holding potential between -25 and -30 mV as the preparation was perfused (0.5 ml/min) with ASW. Every 5 s, a 5-mV, 500-ms hyperpolarizing pulse was delivered to monitor membrane conductance. Approximately every 2 min, Ca2' was injected into the cell. These injections produced transient increases in the holding current, which were associated with increases in membrane conductance. These responses, characteristic of the direct activation of IK,Ca by Ca2+, were recorded on VCR tape for later display and analysis. After three stable control responses, the perfusion was stopped, and a small aliquot of concentrated phorbol was added to the bath, which then remained static throughout the remainder of the experiment. Control experiments using ECUphorbol dissolved at a final concentration of 0.015% in DMSO indicated that neither the inactive phorbol isomer, nor DMSO, nor stoppage of the perfusion affected the amplitude of Ca2+-induced responses (data not shown, y1= 2). In some experiments the transmembrane influx of Ca2+ was blocked with the use of a modified saline (in mM: 468 NaCl, 10 KCl, 0.5 CaCl,, 10 CoCl, , 20 Tris-Cl, pH 7.6), which was perfused into the bath after control responses were recorded in ASW.
Statistical methods and data analysis
Student's t tests were used to determine whether treatments produced significant effects. Responses from experiments using step depolarizations were analyzed by comparing the amplitude of membrane currents obtained in ASW to the amplitude of membrane currents obtained after drug treatment at the end of voltageclamp pulses to +20 mV. For all statistical analyses, a minimum criterion of P < 0.05 was used to indicate significance. Responses from experiments using the iontophoresis protocol were analyzed by comparing the maximum amplitude of responses to the injection of Ca2+ after the application of PDBu to the average of the three control responses obtained before the application of PDBu.
RESULTS

Phorbol esters produced a large increase in outward current
Bath application of PDBu, PMA, or PDAc increased the net outward current throughout the duration of voltageclamp pulses. Figure 1 illustrates examples of this effect at two different concentrations of PDBu ( 500 and 1,500 n&l). Phorbol dibutyrate (PDBu) increased a net outward current at 2 different concentrations. Al : total membrane current was increased by 500 nM PDBu at depolarizations to 0, 10, and 20 mV (top 3 pairs of traces), whereas currents elicited by depolarizations to -20 and -10 mV were relatively unaffected ( bottom 2 pairs of traces, which nearly superimpose on their respective control traces). A2: difference currents (control minus drug-treated traces) illustrate that the dominant effect of PDBu seemed to be the modulation of a membrane current that developed slowly, showed little inactivation, and was activated around 0 mV. Other minor effects of PDBu include the possible modulation of an early component of membrane current that is evident at 0 mV (arrowhead) and a later component that becomes evident at +20 mV (asterisk). Bl: at a higher concentration ( 1,500 nM) PDBu appeared to be more effective. B2: difference currents illustrate the increased efficacy of higher levels of PDBu. Otherwise, the kinetics of the difference currents at both levels of PDBu were similar. There were also indications of an early component of membrane current (0 mV, arrow) and late component (+20 mV, asterisk) modulated by PDBu. ASW, artificial seawater.
Membrane currents recorded in ASW are shown as solid traces, whereas the membrane currents recorded after drug treatment are shown as dashed traces in this illustration. At small depolarizations little modulation of membrane current is apparent, whereas at larger depolarizations the dominant effect of phorbol ester was an increase in the net outward current (compare dashed vs. solid traces, Fig. 1 , Al and Bl ). Difference currents were generated by subtraction of the average of membrane currents obtained after drug treatment from the average of membrane currents before drug treatment. Increases in the net outward are illustrated as downward deflections, and decreases in the net outward current are ill ustrated as u .pwa rd deflecti .ons by this subtraction procedure. The difference currents obtained at -20 and -1OmVare nearly superimposed at this gain and show little modulation (Fig. 1, A2 and B2). The difference currents obtained from larger depolarizations (0, + 10, and +20 mV ) indicate that with this procedure the most prominent current modulated by phorbol ester is voltage dependent, develops slowly, and shows little inactivation (Fig. 1,  A2 and B2). These properties are all characteristics of 1K Ca (Barret et al. 1982; Critz et al. 199 1; Gola et al. 1990; Gdrman and Hermann 1979; Hermann and Erxleben 1987; Kaczmarek and Strumwasser 1984; Latorre et al. 1989; Rudy 1988 ) . Additional evidence identifying the depolarization-induced currents as lkCa was obtained with the use of the Ca2' channel blocker Co"+, which blocks the activation IKCa in these neurons (e.g., Brezina et al. 1987; Walsh and Byrne 1989) . In the presence of Co2+ ( 10 mM), the slow, voltage-sensitive currents that were elicited by depolarization were almost totally blocked (data not shown, n = 4).
We'also observed that phorbol esters produced a small increase in the net inward current that occurred at -0 mV (arrowhead, Fig. 1 ). At +20 mV the modulation of another component of membrane current appears to emerge (asterisks, Figs. 1 and 4 B) . Although the identity of these components were not determined, they may represent either the phorbol ester-induced enhancement of &a previously reported in cultured pleural sensory neurons (Braha et al. 1988 ) or modulation of the delayed K+ current ( Sugita et al. 1992a) . In the present study we focused on the slowly developing, noninactivating component of the current modulatedby phorbol esters. Further analyses will be necessary to identify and characterize the other less prominent components.
The effects of various concentrations of PDBu, ranging from 10 to 5,000 nM, were examined to determine the dose-response profile. As illustrated in Fig. 2 , the threshold for the effects of PDBu, determined at the end of depolarizations to +20 mV, was -50 nM and reached saturation at -1,500 nM. At the highest concentration of PDBu (5,000 nM') after examined, only two out of six experiments stabilized drug treatment ( similar current responses at 5-min intervals), and these were included in the summary data (Fig. 2) . The effects of PDBu appeared to be about fourfold more potent than either PMA or PDAc (see also Braha et al. 1990 ). These other two phorbols (concentrations ranging from 200 to 1,500 nM) , however, caused similar modulatory effects on the net outward current (data not shown). The inactive phorbol ester 4a-phorbol, at a final bath concentration of 1,500 nM and 0.0 15% DMSO, did not appear to have any modulatory effect on the membrane current (Fig. 2, m , n = 4). Taken together, these data demonstrate a specific and dose-dependent modulation of 1k Ca by phorbol , esters.
The current-voltage (I-V) relationship of the steady-state difference current that was modulated by 500 nM PDBu is illustrated in Fig. 3 . This 1-Vrelationship resembles the volt- [PDBu] (nM) 2. Effects of phorbol dibutyrate ( PDBu ) were dose dependent and specific. The amplitude of difference currents a It the end of voltage-clamp depolarizations to +20 mV was examined after treatment with concentrations of PDBu ranging from 10 to 5,000 nM ( l ). The threshold for an effect of PDBu was ,-50 nM, and a maximal effect was observed at 1,500 nM. Data represent the mean of: SE with a single concentration tested in each experiment (number of experiments indicated in parentheses). At 1,500 nM the inactive phorbol ester, 4a-phorbol (in the dimethylsulfoxide vehicle, n = 4; n ), had no apparent effect on membrane current. 3 . Current-voltage relationship of phorbol dibutyrate ( PDBu ) -modulated current. Amplitudes of the difference currents produced by 500 nM PDBu at the end of voltage-clamp pulses were averaged (n = 7) and plotted against voltage. Because these difference currents were obtained by subtracting PDBu-treated traces from control traces, positive values represent a decrease in the net outward current, whereas negative values represent an increase in net outward current. PDBu had little or no effect on membrane currents elicited by depolarizing pulses to -20 or -10 mV but led to significant increases in currents elicited by larger depolarizations (0, + 10, and +20 mV).
age dependence of 1k Ca obtained by step depolarizations in various invertebrate 'neurons (e.g., Gola et al. 1990 ), including those of Aplysia (Gorman and Hermann 1979; Hermann and Erxleben 1987; Kaczmarek and Strumwasser 1984) .
PKC-sensitive current was blocked by TEA
To test further the hypothesis that the phorbol ester-modulated current was lk,Ca, PDBu was applied in the presence of 2.0 mM TEA. Relatively low concentrations (2-10 mM) of TEA block a component of IKca in Aplysia neurons, including the sensory neurons (Baxter and Byrne 1989; Brezina et al. 1987; Critz et al. 199 1; Deitmer and Eckert 1985; Hermann and Erxleben 1987; Hermann and Gorman 198 1; Hermann and Hartung 1983; Sawada et al. 1989; Shuster et al. 199 1; Walsh and Byrne 1989) . A typical result is shown in Fig. 4 . In 2.0 mM TEA alone, membrane currents elicited by large depolarizations were decreased at the end of the current responses, a region dominated by 1k,Ca (e.g., Critz et al. 199 1 ), whereas they were without effect early in the current responses, a region dominated by 1k,v (compare Fig. 1 , Al and Bl with Fig. 4A ). After the application of 500 nM PDBu in TEA, which previously elicited large increases in outward current (Fig. 1 ) , the increase in outward current was blocked (Fig. 4) . Group data for the effects of 500 nM PDBu in the presence of 2.0 mM TEA indicate that the modulatory effects of PDBu were significantly different from those in ASW. For example, the difference current at a potential of +20 mV in ASW was 19.2 t 4.7 (SE) nA (n = 7), whereas the difference current at the same potential in TEA was 3.9 t 1.9 nA (n = 5; unpaired t test, t,* = 2.6, P < 0.03). Thus the modulation of 1 K,Ca produced by phorbol-mediated activation of PKC was sensitive to a relatively low concentration of TEA. Moreover, these data suggest that under the conditions examined the dominant effect of phorbol esters was the enhancement of & Ca, because the modulatory effects observed in the difi'erence currents obtained in TEA were quite small (Fig. 4B) . Nevertheless, two relatively minor components appear to persist: a component at 0 mV (Fig.  4B, arrowhead) and a component at +20 mV (Fig. 4 B,  asterisk) . The nature of the charge carrier(s) producing these effects will require further analysis.
PDBu enhanced IKca p , reduced by iontophoretic injection ofCa2+
The effects of phorbol esters on lkCa might be secondary to changes in the voltage-dependent membrane calcium current. To explore this possibility, we examined the effects of phorbol esters on lk,Ca induced by the iontophoretic injection of Ca2+. The injection of Ca2+ produced a transient increase in the holding current associated with an increase in membrane conductance (e.g., Fig. 5 A) , which has been shown to be TEA sensitive (Walsh and Byrne 1989) and represents the direct activation of 1k Ca by Ca2+ (Brezina et al. 1987; Gorman and Hermann 1979; Hermann and Erxleben 1987; Meech and Standen 1975; Sawada et al. 1989; Walsh and Byrne 1989 ) . After three stable responses were obtained, the perfusion was stopped, and 500 nM PDBu was bath applied. PDBu caused a gradual increase in the holding current (--) and input conductance, presumably because of an increase in the steady-state level of 1k Ca. In addition, PDBu caused an enhancement of the amplitude and duration of Ca2+ -induced responses (Fig. 5, C-F) . Ten minutes after the application of PDBu, the average enhancement was 289 t 62% of control (mean t SE, n = 4).
The effects of 500 nM PDBu were also examined after perfusion with ASW containing both 0.5 mM Ca2+ (rather than 11 mM) and 10 mM Co2+ to block the influx of Ca2+. Perfusion with this modified saline caused a decrease in the holding current and a decrease in the resting input conductance (Fig. 6 B) , effects that presumably represent a decrease in the steady-state level of lkCa (e.g., Walsh and 7 . A : modulation of membrane current by 500 nM PDBu was examined in the presence of a concentration of TEA (2.0 mM) that blocks JK,Ca in the sensory neurons. Note that, before the application of PDBu (-), the total membrane currents, particularly at the end of the voltage-clamp pulses, were reduced (compare with solid traces, noting change in scale, in Fig. 1, A I and Bl ). Application of PDBu (---) in the presence of TEA caused little change in the membrane current at depolarizations ranging from -20 to +20 mV. B: difference currents also illustrate that most of the membrane current that was modulated by PDBu is sensitive to low concentrations of TEA. Residual components of the small effects observed at currents 0 and +20 mV in artificial seawater (ASW) also appeared to persist (arrow and asterisk). Hyperpolarizing current pulses (500 ms, 5 mV) every 5 s were used to monitor input conductance. A: direct iontophoretic injection of Ca2' (500 nA, 1 s) in a sensory neuron voltage clamped at -25 mV produced a transient increase in outward current and an increase in conductance indicative of the direct activation of JK,Ca-The initial downward deflection is a stimulus artifact due to current injection. B: there was no immediate effect 2 min after the bath application of 500 nM PDBu. C-E: 4,6, and 8 min, respectively, after the application of PDBu there was a gradual outward shift in the holding current (--, baseline) , and responses to the injection of Ca2+ were enhanced. F: 10 min after the application of PDBu, the effects reached a maximum, increasing the amplitude of responses to the injection of Ca2+ > 3-fold.
Byrne 1989). Despite the blockage of Ica, however, the injection of Ca2+ prod uced a similar I k .,-like ou tward current (Fig. 6B ) . As in prior experi merits, three stable current responses were obtained before the addition of phorbol ester. PDBu (500 nM) caused a large enhancement of 1k Ca (Fig. 6, C-F) . Interestingly, although Co2+-saline did not affect the responses to the injection of Ca2+, the increase in holding current that we previously observed 6 . Modulation of JK,Ca by phorbol dibutyrate ( PDBu) persisted after Ca2+ influx was blocked. A : iontophoretic injections of Ca2+ (600 nA, 1 s) produced direct activation of IK,ca in a sensory neuron voltage clamped at a holding potential of -25 mV. B: modified saline, which contained 10 mM Co2+ (to block Ca2+ influx) and 0.5 mM Ca2+ (22-fold reduction), was perfused to examine the effects of PDBu in the absence of membrane Ca2+ current. Before the application of PDBu, the low Ca2+ caused an inward shift in the holding current that was associated with a decrease in the input resistance (note --). This suggests that there is a contribution of IK,ca to the steady-state holding current at this membrane potential (see also Walsh and Byrne 1989) . After the application of Co2+, injections of Ca2+ produced responses of about the same magnitude, indicating that influx of Ca2+ through voltage-dependent membrane channels did not influence the outward current elicited by iontophoretic injection of Ca2+. C: 2 min after the perfusion with Co2+, perfusion was stopped, and 500 nM PDBu were added. D and E: over time, there was an increase in the amplitude of responses to direct injection of Ca2+, despite the blockade of Ca2+ current by Co2+, indicating that the effects of PDBu were directly on IK,Ca* 
FIG. 7. Protein kinase inhibitor, H 7, blocked the effects of phorbol dibutyrate (PDBu). A : example of difference currents obtained after the addition of 500 nM PDBu in the presence of 400 PM H 7, illustrating that the modulation of JK,Ca was blocked. B: group data for these experiments indicate that the inhibition of protein kinase C at this level of H 7 was considerable, because the average of the difference current amplitudes at the end of voltage-clamp pulses to +20 mV (PDBu + H 7) was not significantly different than the difference current amplitudes observed with the use of 1,500 nM 4a-phorbol, 1.3 + 1.1 (n = 4) vs. 1.4 + 1.0 nA (~2 = 4), respectively ( t6 = 0.08, unpaired t test). This same concentration of PDBu (500 nM) in the absence of H 7 (PDBu) produces an average difference current amplitude of 19.2 ? 4.7 nA (see Fig. 3 ).
after the application of PDBu in ASW (e.g., Fig. 5 ) was blocked. The average enhancement was 252 t 83% of control ( YI = 3 ), a magnitude similar to that observed in ASW. These data indicate that at least part of the enhancement of r KCa by PDBu was not due to the modulation of &a and suggest that PKC may act either directly on the Ca2+-activated K+ channel, or on a closely related regulatory component.
Eficts of PDBu were phosphorylation dependent
As an initial step to determine whether the modulation of I k,Ca produced by phorbols esters was phosphorylation dependent, we examined the effects of PDBu in the presence of the protein kinase inhibitor H 7 (Hidaka et al. 1984) . The amplitude at the end of membrane currents elicited by depolarizing pulses to +20 mV in the presence of 400 ,uM H 7 was not significantly different from the amplitude of membrane currents observed in normal ASW (54.6 t 6.5 nA, n = 5 vs. 58.2 t 5.8 nA, n = 7, mean t SE, tIo = 0.42, unpaired t test), indicating that H 7 alone did not affect I K,Ca* In contrast, as illustrated in Fig. 7 , 400 PM H 7 (n = 4) blocked the modulation of IkCa produced by 500 nM PDBu. Although a complete inhibition-response profile was not determined, considerable inhibition (>95%) was also observed with 100 PM H 7 ( n = 4). In contrast, only a minor inhibitory effect was observed with 1 .O PM H 7 (data not shown, n = 3). Thus the effective dose for complete inhibition appears to be at concentrations > 100 PM in Aplysia tissues, as prior studies have indicated (Conn et al. 1989a,b; Goldsmith and Abrams 199 1) .
DISCUSSION
On the basis of several criteria, we conclude that phorbol esters lead to an increase in &a in the pleural sensory neurons of Aplysia. First, the increase in outward current has kinetics and voltage sensitivity similar to IK ca: it develops slowly during step depolarizations, shows little inactivation, and begins to be activated significantly with step depolarizations to ~0 mV (Gorman and Hermann 1979; Her-mann and Erxleben 1987; Kaczmarek and Strumwasser 1984) . Second, the current that was modulated by phorbol esters is sensitive to low concentrations of TEA (Baxter and Byrne 1989; Critz et al. 199 1; Deitmer and Eckert 1985; Gola et al. 1990; Hermann and Gorman 198 1; Sawada et al. 1989; Shuster et al. 199 1; Walsh and Byrne 1989) . Third, the direct activation of lk,Ca produced by the injection of Ca2+ was also enhanced by phorbol ester. Moreover, this enhancement persisted in the presence of Co2+, indicating that the effects of phorbol esters did not appear to be mediated by the modulation of Ca2+ channels. Our data, however, do not exclude the possibility that phorbol esters modulate lk,Ca via changes in the intracellular resting levels of Ca2+. Indeed, recent evidence suggests that phorbol esters can phosphorylate the IP, receptor, which may lead to changes in the level of intracellular Ca2+ ( Ferris et al. 199 I) . Further analysis will be necessary to examine this intriguing possibility in the sensory neurons of Aplysia. Other studies, however, have shown that the effects of PKC can also be independent of the IP, pathway (Bhave et al. 1990; Xiang et al. 199 1; Weiss et al. 1989) .
Although the dominant effect of phorbol esters in this study was an increase in 1k,Ca, our data do not exclude the possibility that phorbol esters modulate other membrane currents as well. 1 k,v appears to be modulated by phorbol esters in intact sensory neurons (Sugita et al. 1992a ) in a manner similar to that produced by 5-HT (Baxter and Byrne 1989; White et al. 1992) , and &a is increased by phorbol esters in cultured sensory neurons of Aplysia (Braha et al. 1988 ). Although our protocol was not designed to optimally detect the modulation of 1k v or &a (see Baxter and Byrne 1989; Edmonds et al. 1990 ), 'these effects may also be seen in our data (e.g., Figs. 1 B2 and 4 B) .
The specificity of PKC activation by PDBu was also examined, because phorbol esters have also demonstrated nonspecific effects in neurons (Doerner et al. 1990 ). Our dose-response data lie in the range of concentrations ( lo-5,000 nM) that have previously been used to activate PKC in other neurons (Alkon et al. 1988; Baraban et al. 1985; Braha et al. 1990; Conn et al. 1989a,b; DeRiemer et al. 1985; Doerner et al. 1990; Farley and Auerbach 1986; Malenka et al. 1987; Nichols et al. 1987; Rane and Dunlap 1986; Rane et al. 1989; Reymann et al. 1988; Weiss et al. 1989) . Furthermore, the inactive isomer of phorbol ester was without effect. Finally, the effects of PKC were blocked by the protein kinase inhibitor H 7, which at the concentrations we used appears to inhibit PKC more selectively than PKA (Braha et al. 1990; Conn et al. 1989a,b; Hidaka et al. 1984) . Thus the effects of phorbol ester are specific and appear to involve a PKC-dependent phosphorylation mechanism.
There is a growing body of evidence indicating that the effects of the activation of PKC on membrane currents in neurons are quite diverse. For example, in both hippocampal neurons and dorsal root ganglion cells, calcium currents are suppressed by phorbol esters ( Baraban et al. 1985; Doerner et al. 1990; Gross and MacDonald 1989; Rane and Dunlap 1986; Rane et al. 1989) . In several invertebrate neurons, however, including the sensory neurons, motor neurons, and bag cells of Aplysia (Braha et al. 1988; DeRiemer et al. 1985; Sawada et al. 1989 ) and the photoreceptors of Hermissenda (Farley and Auerbach 1986), the activation of PKC appears to enhance inward currents. In the tail motor neurons of Aplysia, activation of PKC leads to an enhanced inward current as well as a direct inhibition of I K,Ca (Sawada et al. 1989) . In this study we provide evidence for an increase in I K Ca by the activation of PKC that is independent of the modulation of Ca2+ channels and appears to be dependent on phosphorylation.
Interestingly, the phosphorylation-dependent modulation of 1k Ca by CAMP-dependent protein kinase has previously been reported in other neurons (Ewald et al. 1985; Reinhart et al. 199 1; White et al. 199 1) . Moreover, recent amino acid sequence information on the Drosophila slo locus, which appears to encode a K+ channel with properties resembling I K,Ca 9 contains many phosphorylation sites, some of which are consensus sites for phosphorylation by PKC (Atkinson et al. 1991) .
The exact species of IkCa that is modulated by PKC is presently unknown. One possibility, however, is a low-conductance (40-70 pS), BK-like channel. These channels are common to invertebrate neurons, including Aplysia (Castle et al. 1989; Deitmer and Eckert 1985; Gola et al. 1990; Hermann and Erxleben 1987; Shuster et al. 199 1) . Moreover, both the low-conductance BK channel and the current modulated by phorbol esters in the present study are sensitive to low concentrations of TEA (Hermann and Erxleben 1987; Shuster et al. 199 1) . The physiological significance of the modulation of this presumed low-conductance BK channel requires further study. Our data suggest that phorbol esters would have an inhibitory effect, because an increase in Ik,Ca, by itself, would tend to decrease the duration of action potentials and decrease excitability. The available data seem to indicate that phorbol esters have excitatory effects in pleural sensory neurons, however. For example, phorbol esters increase lrca in sensory neurons (Braha et al. 1988 ) and lead to an enhancement of the connections between sensory and motor neurons in culture (Braha et al. 1990 ). Moreover, even though phorbol esters induce a hyperpolarization (presumably because of an increase in 1 k ca), they increase the duration of action potentials in intact pleural sensory neurons (Sugita et al. 199 1, 1992b) . These seemingly divergent results may be explained by assuming that the activation kinetics of the Ik Ca modulated by phorbol esters are too slow to contribute significantly to the repolarization of a single action potential but instead contribute to the response to multiple or sustained stimuli. For example, blocking & Ca in the R 15 neuron ofAplysia did not affect single action potentials but did affect action potentials that occurred at the end of bursts (Hermann and Erxleben 1987) . Although further experiments are necessary, these data suggest that the PKC-induced modulation of & Ca may produce inhibitory effects in sensory neurons when there are multiple stimuli of a type that lead to significant increases in the level of Ca2+.
The transmitter that initiates the cascade of events that might lead to the PKC-dependent modulation of &Ca in the sensory neurons is unknown. One possibility is 5-HT, because it leads to the translocation of PKC in these cells (Kruger et al. 199 tion of the PKC and PKA pathways were not systematically 335-346, 1990. examined in this study, they appear to differ. The CAMP- pounds, but recent electrophysiological and biochemical Physiol. Lond. 382: 267-290, 1987. studies in Apfysia indicate that the activation of PKC itself CAMARDO, J.S., SHUSTER, M.J., SIEGELBAUM,~. A., ANDKANDEL, E.R.
is slow (Sossin and Schwartz 1992; Sugita et al. 1992b ).
Modulation of a specific potassium channel in sensory neurons of ApZysia by serotonin and CAMP-dependent phosphorylation.
Cold Spring Harbor Symp. Quant. Biol. 48: 2 13-220, 1983. Thus an initial excitatory CAMP-dependent action of 5-HT in reducing Ik,ca may be followed by an inhibitory PKC-dependent action of 5-HT in increasing IkCa. According to this scheme, the modulatory effects of'5-HT would be rather complex because they would be dependent on both the type of stimulus (e.g., single spike vs. a train of spikes) and the time the stimulus occurs relative to the time of the release of 5-HT. Alternatively, 5-HT may not activate the isoform of PKC that modulates Ik,Ca. Indeed, although 5-HT causes the translocation of one type of PKC, others are not translocated (Sossin and Schwartz 1992 
